Magnetic bimeron is a topologically non-trivial spin texture carrying an integer topological charge, which can be regarded as the counterpart of skyrmion in easy-plane magnets. The controllable creation and manipulation of bimerons are crucial for practical applications based on topological spin textures. Here, we analytically and numerically study the dynamics of an antiferromagnetic bimeron driven by a spin current. Numerical simulations demonstrate that the spin current can create an isolated bimeron in the antiferromagnetic thin film via the damping-like spin torque. The spin current can also effectively drive the antiferromagnetic bimeron without a transverse drift. The steady motion of an antiferromagnetic bimeron is analytically derived and is in good agreement with the simulation results. Also, we find that the alternating-current-induced motion of the antiferromagnetic bimeron can be described by the Duffing equation due to the presence of the nonlinear boundary-induced force. The associated with it chaotic behavior of the bimeron is analyzed in terms of the Lyapunov exponents. Our results demonstrate the inertial dynamics of an antiferromagnetic bimeron, and may provide useful guidelines for building future bimeron-based spintronic devices.
Introduction. The topologically protected magnetic textures, such as magnetic skyrmions [1] [2] [3] [4] [5] [6] [7] , have attracted a lot of attention, because that they have small size and can be used as non-volatile information carriers in future spintronic devices [8] [9] [10] . The existence of magnetic skyrmions has been experimentally found in many systems with bulk or interfacial Dzyaloshinskii-Moriya interaction (DMI) [2] [3] [4] [5] . In addition, various topological structures, such as antiferromagnetic (AFM) skyrmion [11, 12] , ferrimagnetic skyrmion [13] , antiskyrmion [14] , biskyrmion [15] , bobber [16] , and bimeron [8, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , are also current hot topics. In particular, a bimeron consists of two merons, which can be found in easy-plane magnets [8, 18, 20, 28] , frustrated magnets [21] , and magnets with anisotropic DMI [26] . The bimeron is a localized spin texture similar to a skyrmion, which can be constructed by rotating the spin direction of a skyrmion by 90
• . Magnetic bimerons can also be used as information carriers for spintronic devices made of in-plane magnetized thin films [8, 26, 28] .
On the other hand, AFM materials are promising for building advanced spintronic devices due to their zero stray fields and ultrafast spin dynamics [30] [31] [32] . Several theoretical studies [11, 12, 33, 34] predict that skyrmions may exist in AFM systems, which can be manipulated by spin currents [11, 12] and magnetic fields [33] . Compared to ferromagnetic (FM) skyrmions, AFM skyrmions do not show the skyrmion Hall effect [35, 36] due to zero net Magnus force, so that they can move perfectly along the driving force direction with a ultrahigh speed [11, 12, 37, 38] . Various methods have been proposed to control the AFM textures, such as by using the spin currents [39] [40] [41] , magnetic anisotropy gradients [37] , temperature gradients [33, 42] , and spin waves [43] .
For AFM systems, the motion equation of the AFM order parameter (Néel vector) is related to the second derivative with respect to time, whereas the FM Landau-LifshitzGilbert (LLG) equation [44] is first order [30] . Therefore, the dynamics of AFM spin textures is different from that of FM spin textures. For example, the oscillation frequency of AFM skyrmion-based spin torque nano-oscillators (STNOs) is higher than that of FM skyrmion-based STNOs as AFM skyrmions obey the inertial dynamics [45] . In addition, the motion equation of systems, such as LLG equation, is usually nonlinear, resulting in that the dynamic behavior is complex or even chaotic. [46, 47] For the AFM bimeron, however, its dynamics induced by the spin current still remains elusive. In this Letter, we report the dynamics of an AFM bimeron induced by the spin current. Our theoretical and numerical results show that an isolated bimeron can be created and driven in the AFM thin film by spin currents. Furthermore, when an alternating current is applied to drive the AFM bimeron, the motion of the bimeron in a nanodisk can be described by the Duffing equation, which describes the oscillation of an object with a mass under the action of nonlinear restoring forces. The associated with it chaotic behavior is also analyzed in terms of the Lyapunov exponents.
Model and theory. We consider a two-sublattice AFM film with sublattice magnetization M 1 and M 2 . By linearly combining the reduced magnetizations m 1 and m 2 (m i = M i /M S with the saturation magnetization M S ), we obtain the staggered magnetization (or Néel vector) n = (m 1 − m 2 )/2 and the total magnetization m = (m 1 + m 2 )/2, where the former could be used to describe the AFM order, while the latter is related to the canting of magnetic moments. Here we are interested in most realistic cases where the AFM exchange interaction is significantly strong, so that m 2 n 2 ∼ 1 [48, 49] . m and n obey the following two coupled equa-tions [39] [40] [41] 50] 
where γ and α are the gyromagnetic ratio and the damping constant respectively, and T nl = (γf 2 − αṁ) × m is the higher-order nonlinear term [39] . T 1,SOT = γH d m × p × n and T 2,SOT = γH d n × p × n are damping-like spin-orbit torques (SOTs), where p is the polarization vector and H d relates to the applied current density j, defined as H d = j P/(2µ 0 eM S t z ) with the reduced Plank constant , the spin polarization rate P , the vacuum permeability constant µ 0 , the elementary charge e, and the layer thickness t z . T 1,STT = γη∂ x n and T 2,STT = γβ∂ x n × n stand for spin-transfer torques (STTs) with the adiabatic (nonadiabatic) parameter η (β). In our simulations, η = 0.1β and β = H d t z are adopted. f 1 = −δE/µ 0 M S δn and f 2 = −δE/µ 0 M S δm are the effective fields. From classical Heisenberg Hamiltonian [50] , the AFM energy E can be written as E = F dV , where 43, 50] , inhomogeneous exchange constant A and magnetic anisotropy constant K. n e = e x stands for the direction of the anisotropy axis and w D is the DMI energy density, 41, 49, 51] . Such a DMI energy can stabilize the bimeron, which can be induced at the antiferromagnet/heavy metal interface [26] . In addition, to form the bimeron, antiferromagnets with in-plane easy-axis anisotropy, such as NiO [30] , are favorable.
Based on Eqs. (1a) and (1b), one can simulate the evolution of the staggered magnetization, and also derive the steady motion equations for a rigid AFM bimeron by using Thiele (or collective coordinate) approach [52] [53] [54] [55] (see Ref. [56] for details), written as
where a is the acceleration, and M eff is the effective AFM bimeron mass, which is defined as µ
(2), the forces induced by the surrounding environment (e.g., the boundary effect) are not taken into account, F α = −αµ 0 M S t z v · d/γ represents the dissipative force with the velocity v, and F SOT and F STT are the forces induced by SOTs and STTs, respectively.
Creation of an AFM bimeron by a spin current. Creating an isolated AFM bimeron is essential for practical applications. Here we employ the current to create an AFM bimeron via SOTs. As shown in Fig. 1 , when the current of j = 100 MA/cm 2 is injected to the central circular region with a diameter of 30 nm, the Néel vector is continuously flipped and then a bimeron-like magnetic structure is formed. At t = 0.05 ns, the current is turned off. The magnetic structure in the upper plane evolves into a metastable bimeron, while in the lower plane, it gradually recovers to the AFM ground state. The current-induced process from the AFM ground state to the metastable bimeron takes only tens of picoseconds, as shown in Fig. 1 . Such an ultrafast process also exists in the generation of the AFM skyrmions under the action of time-dependent magnetic fields [33] , where the force induced by time-dependent magnetic fields has a similar form to that of damping-like spin torques [53, 57] . Similar to the AFM skyrmion, the AFM bimeron is a topologically protected magnetic texture with AFM topological charge Q = ±1, [see Fig. 1(i) ] where the topological charge is defined as , 18, 58] . On the other hand, when the opposite DMI constant is adopted, the AFM bimeron is created in the lower plane (the result is given in Ref. [56] ). In addition, for the creation of the AFM bimeron, increasing the injected region can effectively reduce the time and current density (see Ref. [56] ).
Current-induced motion of an AFM bimeron. Manipulating magnetic textures is indispensable in information storage and logic devices. The current, which is a common method to manipulate magnetic materials, is employed to drive the AFM bimeron via SOTs and STTs. Taking the current density j = 5 MA/cm 2 and the damping α = 0.02, we simulate the motion of an AFM bimeron, where the initial state is a metastable AFM bimeron. In order to track the AFM bimeron, the guiding center (r x , r y ) of the bimeron is defined, described as
and the velocity v i =ṙ i . As shown in Figs. 2(a) and (b), considering the damping-like SOTs, the steady motion speed reaches 725 m/s at t = 0.1 ns and the transmission path of the AFM bimeron is parallel to the racetrack, so that the fast-moving AFM bimeron will not be destroyed by touching the racetrack edge due to the cancellation of the Magnus force. Therefore, in addition to the AFM skyrmions, the AFM bimerons are also ideal information carriers in racetrack-type memory. Figure 2 (c) shows the relation between the speed v and the damping α, where the speed of the AFM bimeron is inversely proportional to the damping constant for SOTs and STTs. In order to test the simulated speeds, we derived the steady motion speed from Eq. (2) (see Ref. [56] for details)
where R s is the bimeron radius, which corresponds to the skyrmion radius. The first and second terms on the right side of Eq. (4) are the SOT-and STT-induced speeds, respectively. We can see from Fig. 2(c) that the analytical speed given by Eq. (4) is in good agreement with the results of the numerical simulations. It is worth mentioning that Eq. (4) is also applicable to AFM skyrmions. Namely, the AFM bimeron and skyrmion have the same motion speed under the same driving force.
Dynamics of the AFM bimeron induced by the alternating current. Next, we discuss the forced oscillation of the AFM bimeron induced by the alternating current j = j 0 sin(2πf t), where j 0 and f are the amplitude and frequency of the applied currents. As shown in Ref. [56] , due to the harmonic current-induced driving force, the guiding center r x of the AFM bimeron exhibits the stable oscillation with the amplitude r 0 ∼ 11.64 nm and the phase difference ϕ ∼ 89.14 • between j and r x , where α = 0.002, f = 20 GHz and j 0 = 1 MA/cm 2 are adopted. By changing the frequency of the applied currents, the different values of r 0 and ϕ are obtained by numerical simulations and are shown in Fig. 3 , where three damping constants (α = 0.0015, 0.002 and 0.003) are considered. We can see that the phase difference ϕ becomes larger with the increasing frequency, and interestingly, for the amplitude r 0 , there are current-induced resonance phenomena. To analyze such resonance phenomena, we return to Eq. (2) and focus on the motion in the x direction, so that the Thiele equation becomes a scalar equation
where α * = αµ 0 M S t z d/γ and F SOT,0 sin(2πf t) is the force induced by the alternating current with
is the boundary-induced force, which can be described as
N/m and k 2 = 2 × 10 10 N/m 3 for the nanodisk with a diameter of 80 nm studied here (see Ref. [56] for details). Note that, for other nanodisks, the form of F b may change, resulting in other types of AFM-bimeron-based nonlinear oscillators, Since F b contains a cubic term, Eq. (5) is called as the Duffing equation [46, 59] , which describes a nonlinear system. Therefore, the AFM bimeron can be used as a Duffing oscillator, which is promising for various applications, such as in weak signal detection [60, 61] . We assume that the solution of Eq. (5) satisfies this form r x ≈ r 0 sin(2πf t − ϕ), and then substituting it into Eq. (5) gives the amplitude r 0 as
and the phase ϕ tanϕ = 2πf α * where sin 3 (2πf t − ϕ) ≈ (3/4) · sin(2πf t − ϕ) has been used. As shown in Fig. 3 , the results given by Eqs. (6) and (7) are consistent with the numerical simulations for all damping constants. We can see from Eqs. (6) and (7) that the frequency response depends on the physical quantities of antiferromagnets, such as the damping and the effective mass, so that they may be measured by applying alternating currents. It should be noted that, due to the existence of the nonlinear term (k 2 r 3 x ), Eq. (6) indicates that an alternating current may induce multiple values of r 0 , resulting in that the frequency response shows the jump phenomenon. For the nonlinear oscillator based on other types of AFM textures, such as AFM skyrmion and domain wall, one can obtain a similar frequency response. If the nonlinear term and the damping are small, from Eq. (6), the resonance frequency is given, f r = 1/(2π) k 1 /M eff , which equals to 16 GHz for the parameters used here. On the other hand, as mentioned earlier, r 0 ∼ 11.64 nm and ϕ ∼ 89.14 • for f = 20 GHz. Eq. (7) indicates that when f is equal to f π/2 = 1/(2π) (k 1 + 0.75k 2 r 2 0 )/M eff , ϕ = 90
• . Taking r 0 = 11.64 nm, f π/2 = 19.2 GHz is obtained, which is consistent with the simulation result. In addition, for the case of k 1 = 0, k 2 = 0 and M eff = 0, i.e., there are no boundary effect and effective mass, Eq. (7) also gives the phase ϕ = 90
• that is independent of the damping and the frequency.
For a nonlinear system, taking certain parameter values, it shows chaotic behavior. The Lyapunov exponents (LEs) are usually used to judge whether there is chaos, given as [47, 62] 
where δx i 0 is the distance between two close trajectories at initial time, and δx i t is the distance between the trajectories at time t. If the largest LE is positive, it means that two close trajectories will be separated. Therefore, a small initial error will increase rapidly, resulting in that the evolution of r x is sensitive to initial conditions and its value cannot be predicted for a long time, i.e., the AFM bimeron shows chaotic behavior. Based on Eq. (5), we calculate the bifurcation diagram and LEs (see Ref. [56] for details), and the results are given in Fig. 4 . We find that a small damping α can lead to the chaotic behavior. The sum of LEs, which equals to −αλγ/µ 0 M S , agrees with the above result. On the other hand, the value of the damping α at the i th period-doubling bifurcation should satisfy the universal equation, i.e., the Feigenbaum constant δ = lim i→∞ [(α i − α i−1 )/(α i+1 − α i )] = 4.669. [47, 62] For the case of Fig. 4, δ 2 equals to 4 .64, from which we estimate that chaos will occur at α ∞ = 0.0002609. Besides, the effects of other parameters on LEs are discussed in Ref. [56] .
Conclusions. In summary, we have studied the dynamics of an isolated AFM bimeron induced by spin currents. We demonstrate that a spin current can create an isolated bimeron in the AFM film, and drive the AFM bimeron at a speed of a few kilometers per second. Based on the Thiele approach, the steady motion speed is derived, which is in good agreement with the simulation results. Also, we find that the AFM bimeron can be used as the Duffing oscillator. Furthermore, we study the chaotic behavior by calculating the Lyapunov exponents. Our results are useful for understanding of bimeron physics in AFM systems and may provide guidelines for building spintronic devices based on bimerons.
